Abstract: 1-aminocyclopropane-1-carboxylate (ACC) deaminase (ACCD) cleaves ACC, the immediate precursor of the ethylene, decreasing the level of ethylene and inhibition of plant growth resulted by environmental stresses. Here, TaACCD was cloned from the biocontrol agent Trichoderma asperellum ACCC30536. Its open reading frame was 1047 bp long encoding a 37 kD protein of 348 aa, and a pI of 5.77. Phylogenetic analysis demonstrated this protein to be closely related to ACCD from T. asperellum T203 (ACX94231). Transformation of Populus davidiana × P. bolleana with TaACCD, increased salinity tolerance of transgenic plants Pdb-ACCD3 and Pdb-ACCD5. Transgenic plants could survive at salinity of 200 mM NaCl, whereas untransformed control poplar Pdb-NT could withstand salinity to 150 mM NaCl. Transformed plants accumulated higher amounts of chlorophyll compared to Pdb-NT plants. Accumulation of reactive oxygen species (ROS) was regulated by TaACCD under salt stress, as shown from higher superoxide dismutase (SOD) and peroxidase (POD) activities, as well as NBT and DAB staining. Evans blue staining showed that TaACCD maintained membrane integrity in Populus under salt stress conditions. Additionally, TaACCD expression decreased ethylene content of transgenic plants compared to nontransgenic plants, but salt content in plant leaves didnt show obvious difference under same salt concentration. To the best of our knowledge, the current study is the first demonstration that the TaACCD gene from T. asperellum ACCC30536 can enhance tolerance of Populus to salt stress.
étude est la première à illustrer que le gène TaACCD de T. asperellum ACCC30536 peut améliorer la tolérance du genre Populus au sel. [Traduit par la Rédaction] Mots-clés : Trichoderma asperellum, 1-aminocyclopropane-1-carboxylate désaminase, peuplier transgénique, tolérance au sel.
Introduction
The enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase (ACCD, EC 4.1.99.4) is common among soil microorganisms ) and cleaves ACC, the immediate precursor of ethylene, to produce α-ketobutyrate and ammonia. Inhibition of plant and root growth from environmental or pathogen-induced stress decreased after inoculating plants with plant growth-promoting rhizobacteria (PGPR) producing ACCD (Farwell et al. 2007; Glick et al. 2007 ). The results showed that PGPR producing ACCD can protect plants from the deleterious effects stress-induced. Moreover, the growth promoting effects of microorganisms in plant-microbe interactions, such as canola-Enterobacter cloacae (Li et al. 2000) , tomato-Pseudomonas brassicacearum (Belimov et al. 2007 ), pea-Variovorax paradoxus (Belimov et al. 2009 ), and canola-Trichoderma asperellum (Viterbo et al. 2010) , were reduced or eliminated following down regulation of ACCD activity by transposon mutagenesis. Zahir et al. demonstrated that the growth of peas (Pisum sativum) was promoted under drought conditions after inoculation with bacteria containing ACCD (Zahir et al. 2008) . Furthermore, fresh weight of tomato (S. lycopersicum H 72 cv. Better Boy) plants pretreated with endophytic bacteria P. fluorescens YsS6 containing ACCD reached to 7.40 g, while these of plants pretreated with the ACCD deficient mutants and controls were 1.87 g and 1.85 g, respectively, in the presence of 165 mM salt. And, chlorophyll content was 1.17-fold and 1.62-fold higher levels than control and ACCD deficient mutant. At the same time, a greater number of flowers (3) and buds (4) was observed compared to 0.5 and 0 for controls, as well as 1 and 0.5 for ACCD deficient mutants (Ali et al. 2014) . Therefore, ACCD plays a significant role in diminishing stress effects from biotic or abiotic stressors. Trichoderma spp. are well-known biological control agents and are widely used to control fungal phytopathogens, including Fusarium oxysporum, Sclerotinia sclerotiorum, Cytospora chrysosperma, and Rhizoctonia solani (Yang et al. 2013) , and to alleviate salt stress (Brotman et al. 2013; Rawat et al. 2012 Rawat et al. , 2013 . So, the study of ACCD from Trichoderma spp. is important for developing strategies that exploit these beneficial effects of the fungi on improving tolerance to biotic or abiotic stresses.
Compared to non-transgenic plants treated with ACCD, transgenic plants that overexpress the ACCD gene are advantaged. This is because the ACCD-containing bacteria, present in the roots, are unable to survive under harsh environmental conditions such as cold, high temperature, heavy metal pollution, salinity, flooding, and drought. And, the transgenic plants can constitutively express the gene irrespective of the environmental condition (Gontia-Mishra et al. 2014 ). Hence, research should be focused to obtain transgenic plants that can tolerance one or several stresses. So far, many transgenic ACCD plants have been reported to be more tolerant of abiotic stressors than wild type plants. These include tomato (Lycopersicon esculentus) (Solanaceae cv. Heinz 902) to cadmium, cobalt, copper, nickel, plumbum, and zinc (Grichko et al. 2000) , canola (Brassica napus) to arsenate (Nie et al. 2002) and nickel (Stearns et al. 2005) , tomato (L. esculentus (Solanaceae cv. Heinz 902) to flooding (Grichko and Glick 2001) , and tomato to phytopathogen Verticillium dahliae (Robison et al. 2001) , as well as canola (B. napus cv. Westar) to salt (Sergeeva et al. 2006) . However, most of the ACCD genes reported were derived from bacteria. To date, there has been no report of a Trichoderma-encoded ACCD gene being used as a biocontrol agent.
In the present study, the coding region of 1-aminocyclopropane-1-carboxylate deaminase TaACCD was cloned from the biological control strain T. asperellum ACCC30536 and its sequence was analyzed. Then, the coding region of TaACCD was inserted into the plant expression vector pROKII and transformed into aseptic Populus davidiana × P. bolleana. In addition, the salt tolerance of transformed poplar was assayed to further verify the biocontrol activity of the TaACCD gene, which will provide the necessary theoretical basis for the successful development of salt-tolerant plants.
Materials and Methods
Strains, plasmids, and plant material T. asperellum ACCC30536 was procured from the Agricultural Culture Collection of China. E. coli strain TOP10 and vector pMD18-T were procured from Takara Biotechnology Co. (Dalian, China 
Cloning and bioinformatics analysis of TaACCD gene
The full-length CDS sequence of TaACCD was amplified with gene specific primers (5′-ATGGCTACCCTCA ACATCC-3′ and 5′-TCAGTCTAAAAGAGAGGAAT-3′) designed by searching the transcriptome database of T. asperellum ACCC30536. PCR was performed as follows: 94°C for 5 min followed by 35 cycles of 95°C for 30 s, 50°C for 30 s and 72°C for 2 min, and a final cycle of 72°C for 10 min. The amplified product obtained by RT-PCR was purified and cloned into pMD 18-T vector (TaKaRa: D103 A) for sequencing.
Construction of plant expression vector and gene transformation
To transform the TaACCD gene into P. davidiana × P. bolleana, the primers ad-1 (5′-ATCGGGATCCACCAT GGCTACCCTCAACATCC-3′, BamHI site underlined) and ad-2 (5′-CGATGGTACCTCAGTCTAAAAGAGAGGAAT-3′, KpnI site underlined) were used to amplify the region of TaACCD that encodes the mature protein. Then, TaACCD was inserted into the plant expression vector pROKII. Transgenic poplars were obtained using the method of Du et al. (2012) . Then, the transgenic poplar plants were screened by adding 40 mg L −1 kanamycin to the culture medium, and confirmed by PCR, PCR-Southern and RT-PCR.
The detection of transgenic poplar seedlings
For PCR analysis, total genomic DNA was extracted from the leaves of putative transformants and control plants using Easy Pure Plant Genomic DNA Kit (TRAN, EE11-01), according to the manufacturer's instructions. The forward (5′-ATGGCTACCCTCAACATCC-3′) and reverse primers (5′-TCAGTCTAAAAGAGAGGAAT-3′) were used to amplify the complete CDS of TaACCD. PCR was performed as follows: 94°C for 5 min followed by 30 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 2 min, followed by a final cycle of 72°C for 10 min. The PCR reaction mixture of 25 μL consisted of 12 μL of Premix Ex Taq, 0.2 μg of DNA, and 0.4 μM of each primer. In each PCR reaction, genomic DNA from nontransformed plants was included as negative controls.
In order to further confirm the integration of TaACCD in transformed plants, PCR-Southern analysis was performed using a detection kit (DIG High Prime Lab/Det Kit, 11745832910, Roche) according to the manufacturer's instructions. The 1047 bp PCR fragment of the TaACCD gene was used as a template for a DIG-labeling probe. Hybridization and immunity detection were performed according to the manufacturer's instructions.
RT-PCR confirmed the expression of TaACCD in the transformed plants. Total RNA was isolated from young leaves for PCR and PCR-Southern positive transformed and non-transformed (NT) plants using kit (Ultrapure RNA Kit, CWBIO, CW0581). Each RNA sample was treated with DNase I (Sigma-Aldrich, USA) at 37°C to remove DNA contamination.
Salinity tolerance tests in transgenic plants
Salinity stress tolerance of the transgenic plants Pdb-ACCD and Pdb-NT in soil were evaluated. Two transgenic lines were selected for further study. One-month-old transgenic Pdb-ACCD and non-transformed Pdb-NT poplar plants were used to assay salt tolerance during 12 days of NaCl stress. Plants were watered with solutions containing NaCl at concentrations of 0, 50, 100, 150, 200, 250, and 300 mM. Visible symptoms of salt damage were observed after 12 days of salinity stress.
Measurement of chlorophyll content and antioxidant activity
After salinity stress, salt tolerance of transgenic poplar plants Pdb-ACCD was further analyzed along with chlorophyll content and activities of the antioxidant POD and SOD. The chlorophyll content of transgenic poplar plant leaves was measured according to the method described by Liu et al. (2007) .
Histochemical analyses of transgenic plants
Accumulation of hydrogen peroxide (H 2 O 2 ) and superoxide radicals (O 2 − ) were detected using 3,3′-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT), respectively, according to the method of Hernandez et al. (2001) . In order to test the specificity of DAB and NBT, 100 U mL −1 catalase (CAT) or 200 U mL
SOD, respectively, was added to the infiltration buffer before staining (Wohlgemuth et al. 2002) . Additionally, Evans blue staining was performed to detect cell death as described by Ponce de Leon et al. (2007) . After staining, all leaves were bleached in a solution containing 70% ethanol and 5% glycerol, at 90°C to remove chlorophyll. In all staining experiments, at least six leaves were tested for each line.
Ethylene and sodium content determination under salt stress
Ethylene content in leaves was measured on the poplar roots 10 days after salt treatment according to the method of Martin-Rodriguez et al. (2011) . Measurements were carried out in a gas chromatograph (GC) (PERSEE G5, Beijing PERSEE Instruments Inc., Beijing, China) equipped with a flame ionization detector. The ethylene concentration was expressed as nmol mg Dw −1 h −1 . The Na + accumulation of transgenic and Pdb-NT plants under salt stress were determined from leaves 10 days after salt treatment. Leaf samples were dried at 70°C and ground for Na + content analysis. 0.5 g plant sample was ashed at 500°C, followed by nitration with concentrated nitric acid for 10 min after cooling. Ion analysis was performed using atomic absorption spectrophotometer (A3, Beijing PERSEE Instruments Inc., Beijing, China).
Data analysis
Each experiment was performed at least three times, the data were analyzed by analysis of variance (ANOVA) using Duncan test, which is one of the post-hoc multiple comparisons of one-way ANOVA in SPSS ( Statistical Package for Social Sciences). P-values of P < 0.05 were considered to be statistically significant.
Results

Cloning and sequence analysis of TaACCD
The cDNA sequence of TaACCD was 1047 bp in length, with a calculated molecular weight of 37 kDa and a predicted isoelectric point of 5.77. The encoded protein is stable with an unstable coefficient of 25.59. The Pfam protein family prediction indicated that TaACCD belongs to the Acd family (Fig. 1) .
Phylogenetic analysis
A phylogenetic tree was constructed based on an amino acid multiple sequence alignment of TaACCD (Fig. 2) . The phylogenetic analysis revealed that TaACCD clustered in the same branch, and had the closest relationship, with ACCD from T. asperellum T203 (ACX94231) (Fig. 2) . Furthermore, TaACCD was distantly related to a putative ACCD from F. oxysporum f. spp. cubense race 4 (EGY20763), hypothetical protein TRIATDRAFT_238874 from T. atroviride IMI 206040 (EHK47723), and ACCD from Colletotrichum gloeosporioides Cg-14 (EQB50678).
Molecular detection of transformed poplar plants
Five kanamycin assay-positive plants Pdb-ACCD1 to Pdb-ACCD5 were detected by PCR (Fig. 3A) . The transformed plants Pdb-ACCD3 and Pdb-ACCD5 showed an expected band of 1047 bp following PCR analysis with gene-specific primers (Fig. 3A, lane 3, 5) , while DNA from other kanamycin positive plants (Fig. 3A , lane 1, 2, 4) had no amplified band, suggesting that these plants were false positives. Furthermore, the genomic DNA from the control Pdb-NT plant did not show any amplified band (Fig. 3A, lane 6) . The above results show that TaACCD from T. asperellum ACCD30536 was successfully integrated into the poplar genome.
Furthermore, an amplified fragment of 1047 bp of TaACCD was obtained in transformed Pdb-ACCD3 and Pdb-ACCD5 (Fig. 3B ) using gene specific primers by RT-PCR and PCR-Southern blotting, showing further positive bands in the transgenic plants Pdb-ACCD3 and Pdb-ACCD5 (Fig. 3C) . At the same time, this confirmed that TaACCD transcript could be identified in transgenic poplar plants.
Salt tolerance analysis of transgenic poplar plants
Pdb-NT plants and RT-PCR positive plants Pdb-ACCD3 and Pdb-ACCD5, were watered with different concentrations of NaCl at 0, 50, 100, 150, 200, 250, and 300 mM. It was shown that the expression of TaACCD enhanced the salinity tolerance of transformed poplar plants compared to control plants (Fig. 4) . Transgenic Pdb-ACCD3
and Pdb-ACCD5, and control plant Pdb-NT did not show any phenotypic differences in the absence of 50 mM NaCl (Fig. 4) . However, with increasing salt concentrations, control Pdb-NT plants exhibited gradual chlorosis, necrosis, leaf burning (Fig. 4) , defoliation, until the whole plant had completely withered following treatment with 200 mM of NaCl. In contrast, transgenic plants Pdb-ACCD3 and Pdb-ACCD5 grew healthily even under 200 mM NaCl stress without the aforementioned symptoms. However, increasing the NaCl concentration above 200 mM, was lethal to the transformed plants Pdb-ACCD3 and Pdb-ACCD5, which eventually perished. The chlorophyll content in the leaf gradually decreased with increasing NaCl concentration in all transgenic and non-transgenic plants. However, the loss of chlorophyll in Pdb-NT plants was significantly greater than in transgenic plants under the same NaCl concentration. The chlorophyll loss was 0.64-53.7% for transgenic plants, compared to 12.6-70.1% for Pdb-NT plants (Fig. 5B) , suggesting that overexpression of TaACCD imposed less metabolic stress on the transgenic plants compared with the Pdb-NT plants.
Under normal growth conditions, the activities of POD and SOD were not significantly different between transgenic and Pdb-NT plants. However, activities of the antioxidative enzymes SOD and POD gradually increased in transgenic and Pdb-NT poplar plants with increasing NaCl concentrations, and enzymes activities of transgenic plants had much faster increases compared to control (Fig. 5A, 5C ). When the concentration of NaCl reached 100 mM, transgenic plants Pdb-ACCD3 and Pdb-ACCD5 maintained higher activities of SOD (53.4 U/mL and 52.5 U/mL) and POD (210.0 0.01 Δ A min −1 and 195 0.01 Δ A min −1 ) than the control Pdb-NT plant of 41.7 U mL −1 and 150.0 0.01 Δ A min −1 , respectively (Fig. 5A, 5C ).
Histochemical analyses of transgenic poplar
High concentrations of ROS induced by abiotic stress are toxic molecules that cause oxidative damage in plants (Apel and Hirt 2004) . To clarify whether TaACCD played an important role in ROS homeostasis, we further investigated the H 2 O 2 accumulation by staining with polymerized DAB and NBT in transgenic plants grown under high salinity conditions. An intense brown precipitate was observed in the leaves of Pdb-NT plants stained with DAB after 12 days exposure to 150 mM NaCl. The intensity of DAB staining was lower in the leaves of transgenic plants Pdb-ACCD3 and Pdb-ACCD5, than in those of Pdb-NT plants (Fig. 6C) . Consistently, the intensity of NBT staining was greater in the leaves from the Pdb-NT plants than in those of transgenic plants (Fig. 6A) . These results suggest that TaACCD was involved in the elimination of H 2 O 2 produced under salt stress.
Additionally, Evans blue staining was used to determine whether TaACCD affects the integrity of the cell membranes in transgenic plant leaves, and to evaluate the extent of cell death due to the loss of membrane integrity under salt stress (Fig. 6B) . A more intense blue color was observed in the leaves of Pdb-NT plants than in the transgenic plants Pdb-ACCD3 and Pdb-ACCD5, when exposed to 150 mM NaCl stress. Furthermore, the enhanced cell death observed in the Pdb-NT was suppressed in the transgenic lines. These results indicate that TaACCD play a role in preventing cell damage induced by salt stress. It was also clear from our results that in transgenic poplar, TaACCD contributed to stress tolerance of salt.
Ethylene and sodium content determination under salt stress Salt stress increased ethylene synthesis not only in Pdb-NT but also transgenic plants (Fig. 7A) . But the ethylene content of Pdb-NT increased significantly compared to transgenic plants. Ethylene content decreased by 50.6% and 52.8% in transgenic plants Pdb-ACCD3 and Pdb-ACCD5 under 150 mM NaCl, respectively, compared with the negative control (nontransgenic plants). The result showed that TaACCD diminished the damage of salt stress on poplar by decreasing ethylene synthesis. The content of Na + element in leaves was recorded 10 days after salt treatment (Fig. 7B) . The result showed that salt treatment significantly increased Na + concentrations in not only Pdb-NT but also transgenic plants as the salt concentration increased. Na + content in transgenic plants 20.0, and 19 .5 mg g −1 DW, respectively, when plants were exposed to 150 mM NaCl. However, no significant difference in Na + content of leaves was observed between Pdb-NT and transgenic plants under same salt concentration, suggesting that TaACCD expression has no obvious effect on salt accumulation in poplar. 
Discussion
In the present study, the ACCD gene, TaACCD, was cloned from T. asperellum ACCC30536 and transformation was confirmed by PCR, PCR-Southern, and RT-PCR. Furthermore, the stable expression of TaACCD in poplar and salinity tolerance as well as salinity tolerance mechanism of transgenic poplar plants were analyzed.
Salinity is one of the most important abiotic factors that limit plant productivity. It is estimated that saline soils account for 6% of the worlds' cultivated area (Subramanyam et al. 2012) , and salinity affects nearly 800 million ha of land worldwide (Rengasamy 2006) . So, it is very important to improve the salt tolerance of plants by genetic engineering. Here, we obtained the transgenic poplars expressing TaACCD with genetic transformation method Agrobacterium-mediated. It was showed that transgenic plants had a certain salt tolerance and the growth of transformed poplar plants was not diminished in low salt concentration (50 mM NaCl) (Fig. 4) . However, the salt tolerance of transgenic poplar plants expressing the T. aculeatus ACCD gene, was inhibited to a lesser extent when grown in the presence of high salt concentrations (150 and 200 mM NaCl) compared to non-transformed poplar plants (Fig. 4) . These data are in accordance with the previous report that compared to non-transgenic plants, transgenic Arabidopsis expressing the P. fluorescens ACCD gene, displayed increased tolerance against high salinity at 150 mM NaCl (Kim et al. 2014) .
Chlorophyll fluorescence analysis is an efficient, rapid, and sensitive method used to investigate the photosynthetic performance of plants, non-destructively, under various abiotic stresses (Fracheboud et al. 1999) . This method provides insight into the plant's ability to tolerate environmental stresses, and into the extent of damage caused by stresses to the photosynthetic apparatus (Maxwell and Johnson 2000) . Salinity stress leads to the degradation of chlorophyll by the generation of a photo-oxidative reaction and the degradation of cell-organelle membranes, especially thylakoids of the chloroplasts (Husaini and Abdin 2008) . Therefore, to understand the plant response under salt stress, it is fundamental to accurately monitor changes in chlorophyll levels. The ability of transgenic plants to maintain their chlorophyll levels under abiotic stress could be used as an index to measure the stress-induced injury (SinglaPareek et al. 2006) . In this study, the transgenic plants expressing TaACCD showed a higher concentration of chlorophyll compared to Pdb-NT plants under the different salinity conditions tested. This documented that transgenic plants had a higher tolerance to the salinity stress, which was consistent with the result of SinglaPareek et al. (2003) . The possible cause of the result is that downstream genes preventing chlorophyll decomposition are activated by the ACCD gene product, enabling the maintenance of a much higher chlorophyll concentration (Gao et al. 2009 ). In addition, the following conclusions of Nicotiana tabaccum osmotin gene expression in transgenic chilli pepper (Subramanyam et al. 2011) , SBgLR gene and TSRF1 gene in maize (Wang et al. 2013) , P5CS gene in tobacco (Mahboobeh and Akba 2013) , AtNHX1 gene in poplar ATHK1 (Jiang et al. 2012) , are also consistent with our findings that transgenic plants had a lower chlorophyll loss and then a higher salt tolerance compared to non-transformed plants under salt stress.
Moreover, Sergeeva et al. found that overexpression of the ACC deaminase gene in transgenic canola (Brassica napus cv. Westar) increased the canola plant salt tolerance, which was measured by the increases of fresh and dry weights of plants, leaf protein concentration, and leaf chlorophyll content (Sergeeva et al. 2006) .
Various abiotic pressures could lead to rapid and excessive ROS accumulation in plants, which have a serious toxic effect on plant growth, such as H 2 O 2 , O 2 − , and hydroxyl radical (·OH) (Apel and Hirt 2004; Mittler et al. 2004; Zhu 2002) . Redundant ROS production could lead to plant oxidative damage and cell death. Therefore, ROS homeostasis is very important for stress-tolerance in plants. In plants, there are different methods of inhibiting ROS accumulation to diminish the abiotic stressinduced damage (Apel and Hirt 2004; Mittler 2002; Mittler et al. 2004 ). However, the antioxidant enzyme system plays an important role in the process of scavenging ROS to keep plants growing normally, such as SOD and POD, which play key roles in plant anti-oxidative stress and can effectively control the accumulation of ROS in plants. Increased POD activity strengthens the ROS scavenging system and leads to oxidative stress tolerance (Sarowar et al. 2005) . At present, we found that SOD activity under salt stress was significantly increased, which is consistent with reports in other plants such as mulberry (Harinasut et al. 2003) , C. arietinum (Kukreja et al. 2005) , and Lycopersicon esculentum (Gapinska et al. 2008 ) under salt stress. Meanwhile, we found the responses of the two enzymes in plants were consistent with each other under salt stress, which was agreed to the report of Bray and Cockle (1974) . In sum, the above conclusions demonstrated that the gene TaACCD regulated the antioxidant enzyme activities of transgenic plants Pdb-ACCD3 and Pdb-ACCD5, including SOD and POD under salt stresses (Fig. 4A, 4C) . Consistently, we also observed much weaker DAB and NBT staining for H 2 O 2 and O 2 − in transgenic plants Pdb-ACCD3 and Pdb-ACCD5 (Fig. 6A, 6B (Apel and Hirt 2004; Mittler 2002; Mittler et al. 2004) .
Ethylene synthesis was accelerated under various environmental stresses, and higher level of ethylene was inhibitory to plant growth. So, the degradation of plant ethylene by expressing TaACCD can be considered a protection mechanism under salt stress. At present, ethylene content was determined after salt stress. It was showed that ethylene content decreased in transgenic plants as a result of ethylene biosynthesis impairment by TaACCD expression. This was in agreement with the previous observations that transgenic plants expressing a bacterial ACC deaminase gene contained lower level of ethylene under various stresses such as heavy metals (Nie et al. 2002; Stearns et al. 2005) , flooding (Grichko and Glick 2001) and phytopathogens (Robison et al. 2001) . The decreased synthesis of stress ethylene was likely to result in the improving of salt tolerance of these transgenic plants. In addition, ethylene biosynthesis increasing in plants under environmental stresses result in chlorophyll degradation by inducing chlorophyllase, a chlorophyll degrading enzyme (Yamauchi et al. 1997) . Our results that TaACCD expression diminished chlorophyll degradation could be the consequence of decreasing ethylene biosynthesis under salt stress.
Up to date, some ACC deaminase containing rhizospheric bacteria instead of ACCD gene transformation significantly increased salt tolerance of treated plants Mayak et al. 2004 ). However, Na + content in plants treated showed no difference or increased or decreased in treated plants in the presence of salt compared to control plants. It was previously observed that Na + concentration of plant was statistically the same in the presence and absence of the bacterium when tomato plants were pre-treated with the ACC deaminase containing the rhizospheric plant growth-promoting bacterium Achromobacter piechaudii ARV8 (Mayak et al. 2004) . Interestingly, ACC deaminase containing plant growth-promoting rhizospheric bacterium P. putida UW4 facilitate the accumulation sodium in treated plants than untreated plant or its ACC deaminase mutant ). On the other hand, ACC deaminase containing bacteria P. fluorescens YsS6, P. migulae 8R6 limited the Na + content in plant (Ali et al. 2014) . For transgenic plants, promoter also influenced the Na + accumulation in transgenic plants under salt stress. The Na + concentration increased in the leaves of rolD and prb-1b canola plants or decreased in those of 35 S CaMV plants compared to nontransgenic plants when a bacterial ACCD gene was placed separately under the transcriptional control of strong 35 S promoter from cauliflower mosaic virus (CaMV), the root-specific rolD promoter from the Ri plasmid of Agrobacterium rhizogenes and a pathogenesis-related prb-1b promoter from tobacco (Sergeeva et al. 2006) . In this study, Na + content in leaves of Pdb-NT as well as transgenic plants Pdb-ACCD3 and Pdb-ACCD5 accumulated as the salt concentration increased. But the Na + concentration didn't show significant difference under same salt concentration between Pdb-NT and transgenic plants (Fig. 7B) , negating the possibility that TaACCD improved plant salt tolerance via a mechanism that lowered the content of sodium. Although the transgenic and Pdb-NT plants grown in high salinity (150 mM NaCl) accumulated sodium up to 2% of their dry weight, growth of transgenic plants was much less affected by salinity compared to Pdb-NT plants. One possible mechanism could be the decreased synthesis of stress ethylene was likely to result in the improved salt tolerance of these transgenic plants. But this inconsistence of changing trend of Na + concentration in plants between the previous reports and our study further needed to be researched.
In summary, the gene TaACCD was cloned from T. asperellum ACCC30536 and expressed in poplar. Transgenic plants exhibited improved tolerance to salinity. Meanwhile, levels of POD and SOD were elevated, and ROS accumulation and ethylene synthesis were decreased, which might be responsible for salt toleranceat the higher NaCl concentration. Although some of the underlying mechanism of salt tolerance in these transgenic plants requires further study, to our knowledge, it was the first report to overexpress the TaACCD in poplar, which would provide a feasible way for improving salt tolerance of important trees. At the same time, our results confirmed that the TaACCD gene would be a suitable candidate for engineering more salt-resistant trees.
